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Abstract. We report on the channel waveguide lasers at 1085 nm in femtosecond laser written Type II wave-
guides in an Nd∶MgO∶LiNbO3 crystal. The waveguide was constructed in a typical dual-line approach. In the
geometry, we found that four vicinal regions of the track pair could guide light propagation. In addition, these
guiding cores support polarization-dependent-guided modes. The propagation losses of the waveguides were
measured to be as low as 1 dB∕cm. Under an optical pump at 808 nm, the continuous-wave waveguide lasing at
1085 nm was generated, reaching a slope efficiency of 27% and maximum output power of 8 mW. The lasing
threshold was 71 mW. Our results show that with the femtosecond laser written Nd∶MgO∶LiNbO3 waveguide as
the miniature light source, it was possible to construct all-LiNbO3-based integrated devices for diverse photonic
applications. © 2014 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.OE.53.10.107109]
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1 Introduction
Lithium niobate (LiNbO3) is one of the most favorite mate-
rials for optical and photonic applications due to the combi-
nation of many excellent features related to the electro-
optic, acousto-optic, and nonlinear optical responses.1 These
intriguing properties enable LiNbO3 crystals to be very suit-
able substrates as the platforms for electrooptic modulators,
surface-acoustic wave devices, holographic storage, and fre-
quency converters.2–4 Recently, it has been proven that
LiNbO3 could also serve as a key element in the generation
of entangled photon pairs for quantum photonics.5 Codoped
by neodymium (Nd) and magnesium (Mg) ions, LiNbO3
become a promising gain medium Nd∶MgO∶LiNbO3 for
laser generation with a relatively high optical damage thresh-
old.6 The LiNbO3-based devices have attracted much atten-
tion and most of them are constructed on waveguide plat-
forms.3 Optical waveguides are the fundamental elements
in integrated optics.7–9 Compared with the bulk configura-
tion, the light confined in waveguides possesses relatively
high optical intensities due to the very small volumes of the
guiding cores.9 Some LiNbO3-based devices have become
commercially available, such as optical modulators, fre-
quency doublers (with periodically poled LiNbO3, PPLN),
optical amplifiers, and so on. Due to the highly compressed
intracavity intensity, waveguide lasers possess reduced las-
ing thresholds and comparable efficiencies with respect to
bulk lasers.7 Optical waveguides have been fabricated in
various LN substrates by using a few techniques such as
metal ion indiffusion (Ti, Zn, or Fe), proton exchange, ener-
getic ion implantation/irradiation, and femtosecond laser
writing.10–17 Since 1996, when Davis et al.18 first produced
waveguides in glass by direct femtosecond laser writing,
this technique has become a powerful tool with which to
fabricate optical waveguides in various transparent optical
materials.19–24 Particularly, waveguides with diverse geom-
etries have been fabricated in LiNbO3 crystals by using the
inscription of ultrafast pulses.15–17,25,26 It has been revealed
that, for LiNbO3 crystals, the femtosecond laser-induced
refractive index changes in the damaged track region could
be either positive or negative, depending on the parameters
of the laser beams and the crystalline orientations of the sam-
ples. Positive index changes are only available for an extraor-
dinary index (ne), in which the weak damage induced by the
femtosecond laser pulses on the lattice is dominant.15 In this
case, the waveguide core is located just inside the femtosec-
ond laser written track due to the slight increment of ne,
forming a Type I waveguide configuration. In most cases,
femtosecond lasers induce negative index changes inside
the damaged tracks, and for LiNbO3, both the extraordinary
refractive index and the ordinary refractive index (no) will
decrease due to the induced severe damage of the lattices
(usually with a volume expansion) inside the track cores.
Meanwhile, in the surrounding regions of the low-index
tracks, the refractive index may increase due to the stress-
field effect (caused by the lattice compression), forming
guiding cores. For typical Type II waveguides with dual-line
geometry, the main waveguiding core is located in the region
between two parallel tracks. However, for strongly birefrin-
gent crystals such as LiNbO3, the refractive index modifica-
tions in the vicinity of the tracks are more complicated and
have obvious polarization-dependent effects.15 Moreover,
from the application point of view, one could integrate gain
medium, nonlinear components and electrooptic modulators
in a single laser-written chip, realizing hybrid and multifunc-
tional circuits based on LiNbO3 platforms.
17 To date, the
integration of femtosecond laser written nonlinear PPLN
and LiNbO3 modulators has been achieved,
17 while a laser
source based on a femtosecond laser written LiNbO3 is
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absent. In this work, we have investigated the guiding effect
of the femtosecond laser written dual-line Type II structures
in an Nd∶MgO∶LiNbO3 crystal, and realized waveguide las-
ing from the structure at 1085 nm under an optical pump
of 808 nm.
2 Experiments in Details
The y-cut Nd∶MgO∶LiNbO3 (doped with 0.3 at.% Nd3þ
ions and 5 mol% MgO) crystal was cut into dimensions
of 7ðxÞ × 2ðyÞ × 10ðzÞ mm3 and optically polished. The
Type II structure was fabricated by femtosecond laser writing
in the laser facility of the Universidad de Salamanca, Spain.
A Ti:Sapphire regenerative amplifier (Spitfire, Spectra
Physics, USA) was used as laser source to deliver linearly
polarized laser pulses of 120 fs and a 795-nm central wave-
length at a 1-kHz repetition rate. The maximum pulse energy
was 1 mJ. The energy was reduced with a calibrated neutral
density filter placed after a half-wave plate and a linear polar-
izer in order to get fine control of the incident energy before
the laser reached the sample. The laser beam was focused at a
depth of ∼500 μm below the biggest facet through a 10×
microscope objective and inscribed the pair of parallel tracks
along the x axis with a 20-μm lateral separation inside crys-
tal. The scanning rate of the laser beam was 50 μm∕s.
Figure 1(a) shows the experimental schematic with the crys-
talline orientation. Figure 1(b) depicts the cross-sectional
microscopic image of the dual-line structure. In this image,
four regions are labeled as A, B, C, and D, which indicate the
vicinal regions of the damaged track pair. The guiding prop-
erties of the structure at A, B, C, and D regions were inves-
tigated with an end-face coupling system with a laser
operating at a wavelength of 808 nm. The details of such
an arrangement can be referenced elsewhere.15
A continuous wave Ti:Sapphire laser (Coherent MBR PE,
USA) which generated a polarized light pump beam at
808 nm was used in the end pumping system to perform the
waveguide laser operation experiment. A spherical convex
lens with a focal length of 25 mm was used to couple the
pump laser beam into the waveguide. Two mirrors (M1
and M2) were adhered to the sample to form a Fabry–Perot
waveguide laser resonant cavity (see Fig. 2 for schematic
plot). The input mirror M1 had a transmission of 99% at
808 nm and a reflectivity of 99% at 1085 nm. The output
mirror M2 had a 60% reflectivity at 1085 nm and a 99%
reflectivity at 808 nm. The output light was collected by a
20× microscope objective lens (N:A: ¼ 0.4) and its spectra
were analyzed by a spectrometer with 0.2-nm resolution.
Two power meters were utilized to measure the powers of
the launched and output lasers through the waveguide cores.
3 Results and Discussion
Figures 3(a)–3(d) show the measured mode profiles at a
wavelength of 808 nm for the structure at the A, B,
C, and D regions, respectively. The propagation loss of
the waveguides was measured by the technique demon-
strated in Ref. 27. The propagation loss for each waveguide
is 2.0 dB∕cm [Fig. 3(a)], 1.5 dB∕cm [Fig. 3(b)], and
1.5 dB∕cm [Figs. 3(c) and 3(d)], respectively. Thermal
annealing treatment of the sample at 300 to 400°C for 1 h
could further reduce the loss values by ∼0.5 dB∕cm. As
we can see, the guided modes were observed in all four
regions, indicating effective guidance of the structure.
However, we have found that the guidance of the four
regions was strongly polarization dependent. In regions A,
C, and D, i.e., in the region between the two tracks and
the two outsides of the tracks, only the TM-polarized
light can propagate and the TE mode does not exist. This
means the waveguide cores in A, C, and D guide light
along the no axis. On the contrary, in the region of B,
i.e., above the two track lines, we only observed the TE
mode with ne polarization. The relationship of polarization
and waveguide position can be explained with the mecha-
nism of ultrafast laser writing through the stress-induced
effect.15 The refractive index change could be approximately
expressed by Eq. (1),
Fig. 1 (a) The schematic plot of femtosecond laser written dual-line structure in a Nd∶MgO∶LiNbO3 crys-
tal; (b) the cross-sectional microscope image of the dual-line structure. A to D mark the four special
regions of the structure.
Fig. 2 The schematic of the laser cavity based on the femtosecond
laser written dual-line structure in a Nd∶MgO∶LiNbO3 crystal.
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where πijkl is piezooptic tensor; σkl is the stress. The result of
refractive index change could be derived from Eq. (1).15 At
the sides of the tracks, the induced stress is along the y axis
(vertical direction), resulting in an increment of no (corre-
sponding to the TM polarization). In addition, the ne (corre-
sponding to the TE polarization) increases above and below
the tracks due to the horizontal induced-stress field.15 This
means that, in the regions of A, C, and D, the no increases,
and in B, the ne increases, resulting in waveguide cores. In
addition, no guiding effect was found in the region below the
track pairs, which may be due to the fact that the fabricated
structure did not have perfectly symmetrical geometry along
the vertical direction.
The laser experiments were carried out with an end-pump-
ing configuration. It was found that although the guidance
exists in all four regions, waveguide lasing was only generated
in region B. From the inset of Fig. 4, the emission spectrum
shows a sharp peak (with full width at half maximum
∼1.5 nm) at 1085 nm, which corresponds to the wavelength
of the main fluorescence of 4F3∕2 → 4I11∕2 transition lines
related to the Nd3þ ions. This wavelength of the laser emis-
sions is in good agreement with that of theNd∶MgO∶LiNbO3
bulk.6 Figure 4 shows the output laser power from the wave-
guide core B as a function of the absorbed pump power at
808 nm. From this figure, one can determine the lasing thresh-
old and the slope efficiency are ∼71 mW and ∼27%, respec-
tively. The output laser power reached its maxima of 8 mW
when the absorbed pump power was 100 mW.
It should be noted that waveguide lasing cannot be gen-
erated in the waveguide cores of A, C, and D under the maxi-
mum absorbed pump power of our system (i.e., ∼100 mW).
This means that the lasing threshold through the waveguide
cores of A, C, and D may be much higher than the wave-
guide core of region B. The threshold difference can be
explained based on the fluorescence properties of a
Nd∶MgO∶LiNbO3 crystal.10 As a four-level system laser,
the threshold power is inversely proportional to the emission
cross section. For the Nd∶MgO∶LiNbO3 crystal, the cross
section along the z axis is much larger than that along the x
and y axes. This property means that lasing can only occur
for ne polarized light in bulk crystal. In the present work, the
guided light in cores A, C, and D was with TM polarization,
corresponding to the no orientation, and in core B it was
with the TE polarization of the ne axis. Such a geometry
with bulk features results in waveguide lasing in the region
above the track pair. One could expect that with a z-cut
Nd∶MgO∶LiNbO3 sample, the waveguide lasers could be
generated in regions A, C, and D.
4 Summary
We have reported on the waveguiding lasing of a femtosec-
ond laser inscribed x-cut Nd∶MgO∶LiNbO3 dual-line struc-
ture. The generated laser was with TE polarization, which
was along the ne axis of the crystal. Under the 808-nm exci-
tation, the waveguide laser has shown an acceptable perfor-
mance with a slope efficiency of 27% and a threshold of
71 mW.
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